ABSTRACT: Earthquake-induced liquefaction is a major concern for construction safety, and a large number of infrastructures can't meet the requirement of the new seismic design code after 2011 Eastern-Japan earthquake, some countermeasures are necessary to be taken. This paper presents a numerical study on seismic performance of liquefaction mitigation for constructions in liquefiable foundation soils during the earthquake. The infiltration grouting method in the sandy layer was proposed to examine the efficiency of the ground treatment strategies for the soil dike. Special emphasis is given to the computed results of EPWP (excess pore water pressure) and displacements during the seismic excitation. Generally, the effectiveness of the approaches in mitigating liquefaction-induced soil deformations is clearly demonstrated by the analytical methods. Infiltration grouting method is demonstrated as a useful strategy for the dike design when subjected to earthquake loading.
INTRODUCTION
According to results of field investigations of earthquake disasters in various countries, the earthquake-induced liquefaction is one of the most important factors that cause serious damages to dikes (Wang et al. 2004) . In most cases, large deformation occurred due to liquefaction of the supporting loose cohesionless foundation soil (Seed, 1968; Tani, 1996) , resulting in settlement, lateral spreading and slumping. In 1995 Hyogo-ken Nanbu earthquake, dikes along the Yodo-gawa River were severely damaged (Matsuo, 1996) . The safety of dike is a major concern in human life and property, social economy and cultural security. Consequently, research on the seismic response and damage mechanism of dike on the liquefiable soils is significant in structure operation, dike earthquake prevention and disaster reduction.
A number of researches were carried out through laboratory tests and numerical simulations to evaluate the dike seismic performances. Sharma and Bolton (1996) , Wu et al. (2007) and Wang et al. (2008) discussed the seismic responses of the reinforced embankments, earth-rockfill dam and dike on liquefiable soils by dynamic centrifuge tests. Cai et al. (2001) studied the liquefaction characteristics of silty soil through the dynamic triaxial test and the resonant column test. Shao et al. (2001) and Wang et al. (2005) conducted a two-dimensional (2D) numerical analysis of seismic responses of dike on liquefiable soils.
In this paper, numerical test based on a sophisticated constitutive model and soil-water coupling finite element (FEM) could be an appropriate method for predicting the mechanical behavior of dikes subjected to earthquake loading. This numerical simulation concentrated on a constitutive model that can correctly describe the mechanical behavior of soils subjected to earthquakes. Cyclic Mobility Model proposed by Zhang et al. (2007) is a kinematic hardening elastoplastic model using an associated flow rule, and it can describe the mechanical behavior of soil with different density, subjected to different loadings (monotonic or cyclic) under different drained conditions in a unified way by considering the effects of stress-induced anisotropy, density and the structure formed during the natural deposition process. Based on this model, Ye et al. (2007) conducted a series of numerical analyses using the FEM code named DBLEAVES to simulate shaking-table tests of a saturated sandy soil under a repeated liquefaction-consolidation process. The mechanical behavior of soils under static loading and dynamic loading can be accurately predicted, and this capability shows the potential of numerical simulation method to describe the liquefaction of soils. Meanwhile, the grouting method of infiltration grouting method is proposed by numerical simulation to check its influence on the liquefaction resistance.
PROBLEM DESCRIPTION

Background and description of the case study
The present project (data from Research Committee of Chubu Branch of Japan Geotechnical Society on Geo-disaster) is a soil dike shown in Fig.1 . Unfortunately, this area lies in a seismically active region where it may be damaged by earthquake events. Under the earthquake loading, there will be large deformation in the dike, because of the introduction of new seismic code, previous construction of the dike may not satisfy the needs of the code. In this way, ground treatment measure has been taken to the natural ground of dike to investigate whether the foundation reinforced method can meet the requirement of the new seismic code. To reflect the seismic behavior of the dike and investigate the ground treatment effect, the earthquake waves (Sugito et al. 2013, http://www1.gifu-u.ac .jp/~eerl/kensaku/index.html) illustrated in Fig.2 , were used as the input earthquake wave.
There are three layers in the dike, fill soil, sandy layer and clayey layer. The alluvial sand layer classified as "As" in Japan, is present at the upper portions of the site with a thickness of 10 m, which tends to liquefy during the earthquake. This kind of sand has 10% of fine content with a relative density (Dr) approximately 60%. The underlying soils are comprised of alluvial clay noted as "Ac" lying on the strong rock bed, which constitutes the lower boundary. The high fill with the height of 6 m and the slope of 1 in 1.5, is loaded on the ground surface. When subjected to earthquake loading, the dike is prone to losing its stability and the fill soil is developed towards the stage of failure. Beneath the fill soil, there are reinforced areas illustrated by two green parts with length of 7 m, shown in Fig.1 by infiltration grouting method. It is known that infiltration grouting method is an effective method in the sandy layer. The mechanical behavior of reinforced soil due to the earthquake loadings was investigated by numerical simulation, and the deformation of the dike was also calculated, then the reinforced effect of ground treatment could be validated. 
Numerical tests condition
The constitutive relation of soils is simulated using the aforementioned Cyclic Mobility Model with the parameters indicated in Tables 1&2. All these parameters are defined taking into account typical experimental values for liquefiable sand and clay soil. The numerical simulation tests were conducted on the dike, using the code DBLEAVES . Fig.3 shows the two-dimensional (2D) mesh used in the numerical calculation in transverse direction. The problem is considered as a plane strain and the adopted finite element mesh consists of 4859 nodes and 4710 quadrilateral elements. In the calculation, the boundary and drainage conditions of the ground were set as follows: (a) a horizontal input motion is specific along the base, and the base nodes of the ground was fixed in both vertical and horizontal directions; (b) the two side nodes were restricted by equal-displacement condition was adjacent to the near-field ground at each side boundary to ensure the one-dimension free-field soil response in the far field; (c) the bottom and the two lateral sides of the area were impervious, while the ground surface was assumed to be a drainage boundary. For time stepping scheme, the Newmark method for direct integration is adopted with β=0.3025 and γ=0.6, and the time step for dynamic loading is 0.001 sec. 
GROUND IMPROVEMENT BY INFILTRATION GROUTING METHOD
1 Simulated element behavior of soil after ground improvement
As shown in Fig.1 , the underground water level is on the ground surface and the soil deposits are fully saturated. Due to the high risk of severe earthquake liquefaction at this site, it was decided to adopt suitable countermeasures to reduce liquefaction-induced soil deformations of the foundation during design earthquake. In this paper, infiltration grouting method is considered as an effective method for mitigation designs. Fig.4 shows the simulated undrained response of saturated sand under symmetric stress-controlled cyclic triaxial loading conditions, in terms of shear stress-strain and effective stress path, and the reinforced sandy layer is numerically simulated as shown in Fig. 5 . 
Discussion on the comparison results of settlement after ground improvement
The settlement of the natural ground and ground with treatment after the earthquake are discussed. Fig. 6 shows the comparison results of settlement of the dike after earthquake loading. The largest settlement occurred on the top of the dike, after the earthquake loading, the settlement of natural ground was about 1.08m, while after ground treatment, it settled to 0.86m. The settlement of the natural ground at the toe of the dike was 0.70m, after the treatment, it was 0.42m. The vertical displacement of the point 30m away from the dike went upward to 0.09m, which shows the fill soil pushed the soil at the toe of the dike move towards to the two sides, however, it also heaved to about 0.04m even after the sandy layer was treated by infiltration grouting technology.
As shown in Fig.7 , the displacement at the toe of the dike after ground treatment was much smaller, while the displacement of the soil on the surface of fill soil was even larger with a tendency to slide to left and right sides. As it is concluded that, when the dike was subjected to this earthquake loading, the reinforcement effect of ground treatment on the toe part was obvious, while the stability of the soil on the surface of fill soil became worse. After the ground treatment, some countermeasures are necessary to be taken on the surface of the fill soil. 
Discussion on the comparison results of ESRR after ground improvement
It is known that when sandy soil liquefies, EPWP increases while the effective stress decreases. The change in effective stress can be expressed by the effective stress reduction radio (ESRR), defined as ESRR＝1-σ m /σ m0 , in which σ m and σ m0 denote the current and initial mean effective stresses, respectively. The time histories of ESRR during the earthquake in sandy layer were depicted in Fig.8 . It is obvious that the seismic loading induced a typical pattern of liquefaction response of the sandy layer at Elements 1 and 6 approaching 1.0 during the earthquake and remaining very high thereafter. At Element 6, there was almost no change of ESRR even after the ground treatment, indicated that the influence of ground treatment was little 30m away from the dike, and the soil there would also liquefy even after ground treatment. The infiltration grouting method improved the stability of the slope toe to a certain extent, and then made the fill soil more stable. . ESRR distribution after seismic loading. Fig.9 shows the ESRR distribution of natural ground and ground treatment after the earthquake, and the value of ESRR of sandy layer remained 1.0 even after ground treatment indicated that the response of EPWP in the sandy layer still reached to liquefaction state even after the ground improved by infiltration grouting method. The result in keeping with the mechanism of the liquefaction mitigation method, i.e., not preventing EPWP generation but reducing liquefaction induced deformations. ESRR of the soil on the boundary of fill soil and sandy layer was negative, demonstrated that soil was reinforced and the effect of ground treatment was obvious.
CONCLUSION
This paper presents numerical study on the performance of dike subjected to earthquake and the effect of infiltration grouting method on seismic performance in liquefiable foundation soils during earthquake loading. From the numerical test results, following conclusions can be drawn:
(1) The vertical displacements of the soil on the top of dike under earthquake loading was 1.10m, respectively, while after the ground treatment, it was 0.86m. The effectiveness of the approaches in mitigating liquefaction-induced soil deformations is predicted numerically. (2) The distribution of EPWP of the soil of natural ground and ground with treatment was almost the same, which indicated that the mechanisms of the liquefaction mitigation method was not preventing EPWP generation but reducing liquefaction-induced deformations.
